D NA ligAse cAtAlyzes the formAtioN of a phosphodiester bond between a 5′-Po 4 and a 3′-oh on adjacent nucleotides in the backbone of DNA. this is an essential function in DNA replication for joining the okazaki fragments resulting from discontinuous lagging strand synthesis and is also required for DNA repair and recombination (for recent reviews, see references [1] [2] [3] [4] . Although the reaction mechanism is the same in both cases, bacterial pathogens generally depend on NAD + -dependent DNA ligase (e.c. 6.5.1.2) for DNA replication, whereas eukaryotic cells use AtP-dependent DNA ligase (e.c. 6.5.1.1). this difference provides a potential basis for the discovery of NAD + -competitive DNA ligase inhibitors for use as antibacterial drugs. inhibitors of human DNA ligases could also be beneficial in the treatment of proliferative diseases such as cancer.
DNA ligation is a three-step process. first, the enzyme becomes adenylated on a lysine residue. this is the step that consumes either AtP or NAD + , with the concomitant release of pyrophosphate or nicotinamide mononucleotide, respectively. second, the adenylate (AmP) is transferred to the 5′-Po 4 of the DNA nick. third, the nick is sealed, releasing the AmP. measurements of DNA ligase activity can be based on the progress of the overall reaction (DNA ligation) or can be limited to a single step, such as enzyme adenylation. in this article, we will be concerned with the overall reaction.
high-throughput screening of large collections of synthetic chemical compounds and natural products for inhibitors of enzyme activities is often the starting point for drug discovery efforts as well as for chemical genomics. Because such collections can contain on the order of 10 5 to 10 6 samples, the convenience and cost of the screening assay can be central to its practicality. some desirable features of high-throughput screening assays include (1) sensitivity to finding inhibitors having the desired mode(s) of inhibition, (2) a usefully high signal-tobackground ratio allowing precise quantitation of the extent of the reaction, (3) adaptability to high-density formats such as 384-well plates, (4) acceptably low susceptibility to interference from test samples, (5) affordability, (6) speed, and (7) the ability to be performed by automated machinery. fluorescent or luminescent measurement is most suited to miniaturization and rapid data collection using commercially available plate readers. time and complexity are minimized by avoiding washing, filtration, and heating steps. cost is contained by avoiding immobilization of enzyme or substrate on special surfaces such as streptavidin-coated plates or beads. An additional benefit would be suitability for the highly quantitative measurements required for enzyme kinetic investigations.
in this article, we describe the development of a fluorescence resonance energy transfer (fret)-based assay for DNA ligase activity that meets all of the above-mentioned criteria for a high-throughput-compatible assay. the assay is based on the differential stability to chemical denaturation of ligated product versus unligated substrate. the substrate has a physiologically relevant structure composed of two short oligonucleotides base-paired with a longer oligonucleotide, such that the fret donor and acceptor are adjacent to each other. the nicked substrate is subject to chemical denaturation, separating the donor and acceptor, whereas the product of the ligation reaction is a long, unnicked DNA duplex that is resistant to chemical denaturation, maintaining the donor and acceptor in close proximity. the precision of the assay is enhanced by the measurement of the ratio of the fluorescence of the fret acceptor to that of the donor. the assay is suitable for use with either NAD + -or AtPdependent DNA ligases.
the assay has been used for high-throughput screening for the discovery of bacterial NAD + -dependent DNA ligase inhibitors. 5 this article describes in greater detail the development and principle of the assay and illustrates its use for measuring the steady-state kinetic constants of Haemophilus influenzae NAD + -dependent DNA ligase and of inhibitor potency.
mAtErIALS And mEtHodS
cloning, expression, and purification of H. influenzae DNA ligase are described in mills et al. 5 oligonucleotides used for the fret assay were synthesized by eurofins mWg operon (huntsville, Al). the 3 oligonucleotides were annealed at 100 µm each by heating to 100 °c and cooling slowly in buffer consisting of 50 mm moPs-Naoh (ph 7.5) and 100 mm Kcl. the DNA substrate was stored at −80 °c. NAD + and 1,N 6etheno-NAD (ε-NAD) were from sigma (st. louis, mo).
ligase reactions were performed in flat-bottom 96-or 384well black, polystyrene assay plates. reaction conditions are given in the figure legends. the reactions were terminated by the addition of an equal volume of a denaturing solution consisting of 8 m urea, 1m tris base, and, optionally, 50 mm eDtA-Naoh (ph 8.0). fluorescence measurements were made with an Ultra plate reader (tecan group, Durham, Nc) equipped with a 485 nm excitation filter and 535 nm and 595 nm emission filters.
the fraction of DNA substrate ligated was quantified by size exclusion chromatography of fret assay samples on a Waters high-performance liquid chromatograph (hPlc) equipped with a fluorescence detector and a 7.8 mm × 15 cm Qc-PAc gfc 200 column (tosoh Bioscience, King of Prussia, PA) at ambient temperature using a mobile phase consisting of 50 mm tris-hcl (ph 7.0), 0.3 m Nacl, and 6 m urea at a flow rate of 1.5 ml/min. the quantity of unligated tAmrA-labeled oligonucleotide was measured using 535 nm excitation and 595 nm emission (Supplemental Fig. 1 ).
rESuLtS Figure 1 illustrates the principle of the DNA ligase fret assay. By measuring the ratio between the tAmrA fluorescence at 595 nm and the fAm fluorescence at 535 nm upon excitation of fAm at 485 nm, the signal-to-background ratio of Principle of the fluorescence resonance energy transfer (fret)-based DNA ligase assay. see the results section for a description. the sequence of the three substrate oligonucleotides is shown at the top. there is a single base-pair mismatch in the third base from the 3′ end of the tAmrA-labeled oligonucleotide. the purpose of this mismatch is to reduce the stability of the base pairing slightly so that the unligated substrate can be denatured chemically at room temperature. the 5′-Po 4 and 3′-oh of the backbone nick are indicated by "P" and "oh," respectively. the carboxyfluorescein fret donor and carboxytetramethylrhodamine acceptor are indicated by "fAm" and "tAmrA," respectively. the lower part of the figure illustrates that the unligated substrate becomes denatured whereas the ligated product resists denaturation. the lightning bolt symbol indicates that the fAm donor is selectively excited by 485 nm light. the enlarged "f" in the denatured substrate represents the enhanced fluorescence of the fAm donor upon separation from the tAmrA acceptor, whereas the enlarged "t" represents the enhanced fluorescence of the tAmrA acceptor due to its being localized adjacent to the fAm donor in the product.
the fret assay is substantially improved compared with a single intensity measurement (see below). As the fraction of substrate ligated increases, the tAmrA fluorescence increases and the fAm fluorescence decreases. the 595 nm fluorescence is a combination of both fAm and tAmrA fluorescence, however, which results in a nonlinear relationship between the fraction of substrate ligated and the fluorescence emission ratio. the derivation of an equation describing this relationship for a similar fret-based DNA polymerase assay is given in shapiro et al. 6 the equation is
which can also be written as
where f 595 and f 535 are the fluorescence intensities measured at 595 nm and 535 nm, respectively, with 485 nm excitation; Δ(f 595 /f 535 ) is the change in the ratio of the two fluorescence intensities from the baseline value; f L is the fraction of substrate DNA converted to ligated product; and a and b are constants that are determined empirically using an hPlc size-exclusion chromatography-based assay to allow comparison of the fluorescence measurements to the fraction of DNA ligated using the same samples. the values of these constants are dependent on the measuring device, the quality of the DNA, and the conditions of the assay. the constants were measured for each batch of substrate and each plate reader used for a given set of conditions. An example is shown in Figure 2 . for screening applications and measurements of inhibitor potencies, the measurement of Δ(f 595 /f 535 ) can be used without significant deviation from a linear response to enzyme activity as long as the value does not exceed, in the case of Figure 2 , about 0.15. for the measurement of kinetic constants, which is more demanding of accurate quantitation, the conversion to fraction ligated is used. After preliminary investigations indicated that H. influenzae DNA ligase activity was enhanced by Kcl and (Nh 4 ) 2 so 4 , the concentrations of both salts were varied to determine the optimal conditions ( Figure 3A ). With 30 mm (Nh 4 ) 2 so 4 , the activity was maximal and insensitive to Kcl concentrations between 0 and 100 mm. higher (Nh 4 ) 2 so 4 concentrations were inhibitory. Activation by Kcl was observed at (Nh 4 ) 2 so 4 concentrations below 30 mm, but inhibition by Kcl occurred at greater than 30 mm (Nh 4 ) 2 so 4 . in the absence of (Nh 4 ) 2 so 4 , ligase activity was activated by Kcl over the full range tested, 0 to 100 mm, and at 100 mm Kcl, further activation occurred at up to 12 mm (Nh 4 ) 2 so 4 . At 100 mm Kcl, concentrations of (Nh 4 ) 2 so 4 above 12 mm were inhibitory. these results can be interpreted as indicating an optimal ionic strength of about 150 mm from a combination of the two salts.
DNA ligase is known to require mg 2+ for activity. the response of the DNA ligase activity to mg 2+ concentration is shown in Figure 3B . maximal activity occurred with 10 to 20 mm mgcl 2 in the presence of 30 mm each of Kcl and (Nh 4 ) 2 so 4 .
there was no significant effect of ionic strength on the affinity between the short tAmrA-labeled oligonucleotide and the long fAm-labeled oligonucleotide, as shown by titrations of the oligonucleotides in buffers containing either 12 mm Kcl + 6 mm (Nh 4 ) 2 so 4 + 11 mm mgcl 2 or 30 mm Kcl + 30 mm (Nh 4 ) 2 so 4 + 15 mm mgcl 2 (data not shown). the ionic strengths of the two salt combinations were 63 mm and 165 mm, respectively. Figure 4 shows that the H. influenzae DNA ligase-catalyzed ligation reaction progress was directly proportional to the reaction time and to the DNA ligase concentration. Under the conditions used, the reaction rates were constant until about 30% of the DNA substrate was ligated.
the fret assay can be used to measure inhibitor potencies. the concentration of inhibitor resulting in 50% inhibition (ic 50 ) was measured for the NAD + substrate analog 1,N 6etheno-NAD + (ε-NAD) ( Fig. 5 ). the ic 50 was 54 µm, and the hill slope was 1.06, close to the expected value of 1. Parameters were investigated that would be of interest when using the DNA ligase fret assay for inhibitor screening. the amount of time required to reach the maximal signal in the fret assay and the stability of the signal after addition of the quenching solution were studied. the signal increased slightly between 5 and 15 min postquench, but there was no further change after as much as 7 h. the stability of a working 1.5× stock solution containing all the components of the assay except the mgcl 2 used to initiate the reaction was studied (see Fig. 4 legend for conditions). the solution was maintained at ambient temperature in darkness with no significant loss of activity for 24 h. thus, the assay has sufficient stability to be used for high-throughput screening. the z′ figure of merit 7 was calculated in a 384-well black polystyrene assay plate from 20 full DNA ligase reactions (see Fig. 4 legend for conditions) either with no inhibitor or with 1 mm ε-NAD to produce 100% inhibition, using the f 595 /f 535 measurements, using the following equation: z′ = 1 -3(sD max + sD min )/(AV max -AV min ), in which AV max and AV min are the averages of the f 595 /f 535 measurements for the fully active and fully inhibited reactions, respectively, and sD max and sD min are the corresponding standard deviations. the minimal acceptable value for a highthroughput screening assay is usually considered to be 0.5. the theoretical maximum is 1. the average ± standard deviations for mAX and miN measurements, respectively, were 0.437 ± 0.007 and 0.301 ± 0.002. the z′ value was 0.80. in comparison, the z′ from the same experiment using only f 535 was 0.66. this difference demonstrates the improvement in signal-to-noise ratio of the assay by using the ratio of fluorescence intensities. Because inhibitors in high-throughput screens are usually dissolved in Dmso, we investigated the sensitivity of the DNA ligase fret assay to the presence of this solvent. the rate of the DNA ligase was found to decrease in direct proportion to the Dmso concentration between 0% and 2% by volume, with about 16% inhibition at 2% Dmso. this result shows that the fret assay can be used to screen inhibitors at up to at least 2% Dmso.
in Figure 6 , the fret assay was used to measure steadystate kinetic constants for the reaction of H. influenzae DNA ligase, based on nonlinear least-squares regression to the equation for a Ping Pong Bisubstrate reaction with substrate inhibition by the second substrate and in which NAD + is the first substrate and DNA is the second. the figure shows clear evidence of substrate inhibition by DNA, which we interpret as being due to the DNA binding to DNA ligase before it becomes adenylated by NAD + . this substrate inhibition by DNA does not appear to be caused by the presence of the fluorescent probes attached to the DNA or to the small number of base pairs between the nick and one end of the substrate. it has been shown by isothermal titration calorimetry that unadenylated Streptococcus pneumoniae DNA ligase binds with a K d similar to the substrate inhibition K i to unlabeled, nicked DNA with 25 base pairs on either side of the nick (h. Jahic, unpublished observations). Brötz-oesterhelt et al. 8 (fig. 2D) show without comment a michaelis plot characteristic of substrate inhibition of Escherichia coli DNA ligase by DNA. dIScuSSIon the fret assay for DNA ligase described in this article has many features that make it well suited for high-throughput screening, inhibitor concentration response measurement, and enzyme kinetics investigations. (1) the assay can use substrate concentrations similar to their K m s, which makes it a sensitive method for detecting inhibition by competitive, uncompetitive, and noncompetitive inhibitors. 9 (2) By using the fluorescence emission ratio as the readout, the assay offers a high signal-tobackground ratio and a high z′ figure of merit. (3) the fluorescence readout allows the assay to be used in a high-density format such as 384-well plates. (4) the assay can be performed by automated machinery. (5) the reagents required for the assay are affordable. the labeled oligonucleotides can be prepared by commercial suppliers at relatively low cost, even in amounts required for large high-throughput screens. standard black, uncoated, polystyrene assay plates are used. the assay requires no expensive proximity assay beads. (6) the assay is quick and easy to perform. there are only addition steps and no washing, filtration, centrifugation, or heating. (7) the donor fluorophore used in the assay (fAm) has a relatively long excitation wavelength, which helps to minimize interference from test compound autofluorescence or absorbance. to further minimize such interference, even longer red wavelength fluorophores could be used. the use of the fluorescence ratio change (Δf 595 /f 535 ) instead of a single fluorescence intensity measurement should also help to reduce interference if the extent of interference is similar for the two measurements. A simple method for correcting fluorescence measurements from minor interference caused by test sample autofluorescence, fluorescence quenching, and absorbance has been described. 10 this method can be applied to the DNA ligase fret assay. each of the pairs of fluorescence intensity measurements is corrected separately prior to the calculation of the fluorescence ratio. As we have shown above, our fret assay is capable of being used for the highly quantitative measurements needed for enzyme kinetic studies. moreover, the substrate we used, two oligonucleotides base paired with a third to form a single nick, is more like the natural okazaki fragment substrate than the substrates used in some other reported DNA ligase assays (see below) that use separated partially double-stranded oligonucleotides with sticky ends or DNA hairpins. As a result of using the more natural substrate, the kinetic data obtained with our fret assay are likely to be more representative of the in vivo function of the DNA ligase.
the DNA ligase fret assay measures the fraction of DNA substrate ligated, as opposed to the more usual measurement of the concentration of product formed. the advantage of this situation is that it enables the assay to measure ligation even when the DNA substrate concentration is extremely low, limited only by the sensitivity of the fluorescence detection, which is on the order of 1 nm.
the signal in the DNA ligase fret assay is strongly affected by the quality of the DNA substrate. in particular, the stoichiometry of labeling with fAm, tAmrA, and phosphate should be in each case as close to 1 as possible to allow for the generation of the largest possible signal. the parameter b in the equation relating the fraction ligated to the fluorescence ratio change Δ(f 595 /f 535 ) represents the förster energy transfer efficiency between fAm and tAmrA. 6 Because the two probes are so close together in the product, it should be possible to achieve energy transfer efficiency close to 1 (assuming that the relative orientation of the fluorescence dipoles of the donor and acceptor is not highly unfavorable to energy transfer). the relatively low value of 0.71 obtained for the data in Figure 2 indicates that either the stoichiometry of labeling is less than 1 or the binding stoichiometry of the tAmrA-labeled oligonucleotide to the fAm-labeled oligonucleotide was less than 1. in addition, the inability to achieve 100% conversion of substrate to product was the result of incomplete 5′-phosphorylation of the tAmrA-labeled oligonucleotide. this heterogeneity was revealed by capillary electrophoresis of the tAmrA-labeled oligonucleotide (o. rivin, unpublished results). subsequent lots of substrate oligonucleotides have had higher values of b, for example, 0.88, resulting in larger changes in Δ(f 595 /f 535 ) for the same fraction ligated, and they also have shown higher maximal values of fraction ligated: 80% compared with about 65%. Nevertheless, high-quality, quantitative data were obtained even with suboptimal substrate, demonstrating the robustness of the fret assay signal.
in recent years, several DNA ligase assay methods have been described that are, to various extents, suitable for highthroughput applications. chen et al. 11 developed a time-resolved fret (tr-fret)-based assay in which the substrate consisted of a pair of base-paired oligonucleotides with 4-bp sticky ends, forming a 31-bp double-stranded DNA with a nick in each strand, with biotin attached on one end of one strand and cy5 as the fret acceptor attached to the other end of the other strand. the fret donor was eu 3+ attached to streptavidin, which bound to the biotin of up to four substrate molecules. ligation of the substrate stabilized the structure, bringing the acceptor into proximity of the donor and resulting in fluorescence of cy5 at 665 nm upon excitation of eu 3+ at 340 nm. tang et al. 12 [i] is the inhibitor concentration, ic 50 is the inhibitor concentration producing 50% inhibition, and b is the hill slope. the ic 50 in this experiment was 54 µm, and the hill slope was 1.06. Data points represent averages of duplicate fluorescence ratio measurements.
oligonucleotides caused a change in the structure of the molecular Beacon, resulting in a fluorescence increase. Benson et al. 13 described a continuous fret-based assay for DNA ligase in which a short, acceptor-labeled oligonucleotide was ligated to a partially double-stranded oligonucleotide adjacent to a donor label on the complementary strand. ligation increased the stability of the complex under assay conditions, resulting in a fluorescence decrease. Brötz-oesterhelt et al. 8 screened for inhibitors of E. coli NAD + -dependent DNA ligase with an assay that followed the production of AmP from ligation of synthetic oligonucleotides by using adenylate kinase and pyruvate kinase in the presence of ctP and phosphoenolpyruvate to convert the AmP to AtP for luminescence detection by the luciferase reaction. the same authors also employed an assay that measured ligation of a fluoresceinlabeled oligonucleotide to a biotin-labeled oligonucleotide in a double-stranded duplex by capturing the fluorescent product in a streptavidin-coated assay plate under selectively denaturing conditions and washing away only the unligated fluoresceinlabeled oligonucleotide. gul et al. 14 developed a homogeneous, chemiluminescence-based, hybridization protection assay for DNA ligase in which the nicked synthetic oligonucleotide complex was modified to contain an acridinium ester label in the long strand that was protected from alkaline hydrolysis at 40 °c in the ligated product but not the substrate. A brief flash of chemiluminescence occurred when the remaining acridinium ester was exposed to h 2 o 2 and Naoh. scott et al. 15 immobilized biotinylated DNA hairpins on streptavidin-coated assay plates. A fluorescently labeled oligonucleotide was annealed to the single-stranded part of the hairpin to form a nick. After the ligation reaction and addition of a denaturant, unligated fluorescent oligonucleotide was selectively washed out. each of these DNA ligase assays has one or more disadvantages. the tr-fret assay 11 requires ultraviolet (UV) excitation, which can result in a high rate of interference by UV-absorbing compounds. moreover, the DNA substrate consisting of two separate pieces with 4-bp sticky ends is dissimilar to the natural substrate consisting of a single DNA molecule with a nick in one strand. this difference may explain the sigmoidal dependence of ligase activity on DNA substrate concentration in that assay. the molecular Beacon assay 12 uses a substrate with a hairpin structure, has a nonlinear fluorescence increase with reaction time, and requires elevated temperature. in the continuous fret assay of Benson et al., 13 the short oligo bearing the acceptor was only partially annealed during the reaction. the AmP detection assay described by Brötzoesterhelt et al. 8 is unique in that it detects the AmP product of the first step of the DNA ligase reaction, not the ligated DNA product. the authors do not mention the sensitivity of the assay, but the use of luciferase to measure the AtP generated from AmP by means of the coupling enzymes should have allowed for a sufficient level of sensitivity to perform the assay under conditions sensitive to competitive inhibition, and inhibitors were indeed found by high-throughput screening. this assay is limited to use with NAD + -dependent DNA ligases, however, because it is incompatible with AtP. moreover, detection of AtP by luciferase is prone to a high false-positive rate in high-throughput screening. 16 the use of a streptavidincoated plate to capture biotinylated, ligated DNA 8,15 requires expensive assay plates and includes a washing step. the chemiluminescence assay of gul et al. 14 requires a heating step, and the light output is so brief that the flash reagent must be added to one well at a time just before it is read in a plate reader equipped with an injector, a slow process not amenable to screening large libraries. the ligase concentrations were adjusted to maintain the fraction of substrate ligated below 0.3, as required to measure initial velocities. the buffer composition was the same as explained in the legend to Figure 4 . the reactions were initiated with mgcl 2 to a final concentration of 15 mm, quenched after 30 min with 40 µl of a solution containing 8m urea and 1m tris base, and mixed thoroughly. fluorescence at 535 and 595 nm was measured after 30 min. fluorescence background from wells without DNA was subtracted, and the 595 nm/535 nm fluorescence ratios were calculated. the baseline ratios in the absence of NAD + were subtracted, and the fraction of DNA ligated was calculated. these values were multiplied by the DNA concentrations and divided by the DNA ligase concentrations to get the specific activities. Data points represent single measurements. the data were fit by nonlinear least-squares regression to the Ping Pong Bisubstrate equation with substrate inhibition by DNA 17 }, where substrate A is NAD + , K mA is the michaelis constant for NAD + , substrate B is DNA, K mB is the michaelis constant for DNA, and K i is the substrate inhibition constant for DNA. the kinetic constants ± standard error from the fit were as follows: V max = 172 ± 17 nmol DNA ligated/min/mg DNA ligase, K m (NAD + ) = 0.39 ± 0.06 µm, K m (DNA) = 94 ± 13 nm, and K i = 30 ± 9 nm. our fret assay avoids all of the problems listed above, making it suitable for use in high-throughput screening, and the assay has, in fact, been used successfully for this purpose. 5 
